Multiscale Modeling Approach for Radial Particle Transport in Large-scale Simulations of the Tokamak Plasma Edge  by Hasenbeck, Felix et al.
doi: 10.1016/j.procs.2015.05.282 
Multiscale modeling approach for radial particle transport
in large-scale simulations of the tokamak plasma edge
Felix Hasenbeck1∗, Dirk Reiser1, Philippe Ghendrih2, Yannick Marandet3,
Patrick Tamain2, Annette Mo¨ller4, and Detlev Reiter1
1 Forschungszentrum Ju¨lich GmbH, Ju¨lich, Germany
2 CEA Cadarache, Saint-Paul-lez-Durance, France
3 PIIM, CNRS/Universite´ d’Aix-Marseille, Marseille, France
4 Department of Animal Sciences, Biometrics & Bioinformatics Group, University of Go¨ttingen,
Go¨ttingen, Germany
Abstract
A multiscale model for an improved description of radial particle transport described by the
density continuity equation in large-scale plasma edge simulations for tokamak fusion devices
is presented. It includes the eﬀects of mesoscale drift-ﬂuid dynamics on the macroscale proﬁles
and vice versa. The realization of the multiscale model in form of the coupled code system B2-
ATTEMPT is outlined. A procedure employed to eﬃciently determine the averaged mesoscale
terms using a nonparametric trend test, the Reverse Arrangements Test, is described. Results
of stationary, self-consistent B2-ATTEMPT simulations are compared to prior simulations for
experiments at the TEXTOR tokamak, making a ﬁrst evaluation of the predicted magnitude
of radial particle transport possible.
Keywords: multiscale modeling, nuclear fusion, magnetic conﬁnement, drift-ﬂuid dynamics, radial
particle transport
1 Introduction
The tokamak is currently the most advanced concept of a nuclear fusion device, using magnetic
ﬁelds to conﬁne a hot plasma in a toroidal vessel. Transport of particles and energy directed
radially outwards, i.e. from the core to the vessel wall, determines the quality of the plasma
conﬁnement and thereby the choice of the wall material and the magnetic conﬁguration in
the edge region next to the wall. Predictions of the radial particle transport for this region
by so-called classical and neoclassical theories using a diﬀusion approach underestimate it by
at least one order of magnitude [1]. It is generally accepted nowadays that, for its correct
description, the detailed interaction of the plasma with the electric and magnetic ﬁelds present
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in the plasma has to be taken into account. Corresponding computer codes employ drift-ﬂuid or
gyrokinetic models and are very demanding regarding computational resources for simulations
on the scale of the tokamak edge and the typical tokamak pulse length, i.e. the ‘lifetime’ of
the plasma: while these scales are on the order of meters and seconds in today’s machines, the
small-scale processes to be included have evolution times down to the microseconds range and
resolve structures down to the order of millimeters. Large-scale edge codes are signiﬁcantly
less resource-demanding. However, they typically approximate radial transport with simpliﬁed
models, employing transport coeﬃcients such as diﬀusivities estimated from experimental data.
This impedes ab initio predictive modeling.
In this paper, a multiscale model for an improved description of the radial particle transport
in the large-scale edge code B2 [2] is outlined. B2 uses a ﬂuid model to describe the plasma,
based on balance equations for the particle density, the streaming velocity and the energy of
ions and electrons. The averaged mesoscale ﬂux, aﬀecting the large-scale proﬁles, is obtained by
local drift-ﬂuid simulations with the local version of the ATTEMPT code [3]. ATTEMPT uses
large-scale quantities such as the macroscale radial density gradient ∂xn0 as input parameter
that drive the dynamic processes.
Similar approaches of coupling large-scale and mesoscale codes have been applied for the
core region of the tokamak, using gyrokinetic models for the mesoscale dynamics [4, 5]. For
the edge region, employing drift-ﬂuid models on the mesoscale, corresponding studies can be
found in [6, 7] and references therein. This work focuses on several new aspects of a coupled
code system for the plasma edge, amongst other things a procedure to determine the averaged
mesoscale terms eﬃciently and, for the ﬁrst time, a quantitative evaluation of the coupled code
results using prior modeling results adjusted to measurements at the TEXTOR tokamak.
This paper is organized as follows. The general structure of the model equations is elucidated
in section 2. The coupling procedure is described in section 3, with special emphasis on the
procedure applied to obtain the averaged mesoscale data. In section 4, the results of the
coupled code system B2-ATTEMPT are compared to prior modeling results for experiments at
the tokamak TEXTOR. In section 5, a summary and an outlook are given.
2 Multiscale model
The multiscale model is based on the assumption of a scale separation whose meaning is illus-
trated best by introducing the operator 〈...〉. It averages a ﬂuid quantity α over a time δtav and
a volume δVav ≈ δr3av. A Reynolds decomposition [8] is then carried out by splitting α into its
macroscale part α0 ≡ 〈α〉 and its mesoscale part α˜ ≡ α−α0. With τD(α) being the characteristic
evolution time of α and λD(α) being the respective characteristic length, the averaging intervals
δtav and δrav have to be chosen in such a way that the relations λD(α˜)  δrav  λD(α0) and
τD(α˜)  δtav  τD(α0) are fulﬁlled. They express a hierarchy of scales representing the scale
separation assumption. It can then be assumed that α0 is piecewise linear on the averaging
scales δrav and δtav [9]. Hence, one has 〈α0〉 = α0 and 〈α˜〉 = 0 which is crucial for the derivation
of the multiscale balances in the next paragraph.
A generic multiscale model for a ﬂuid is obtained by applying the Reynolds decomposition
to the generic ﬂuid balances for the particle density n, the streaming velocity v and the tem-
perature T as given for example in [10], p. 208 - 210. In the spirit of the Reynolds Averaged
Navier Stokes equations [8], the macroscale balances are obtained by applying the averaging
operator 〈...〉 to the full balances while the mesoscale equations are obtained by subtracting
the macroscale equation from the full equation for the quantity α. For the density continuity
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equation this procedure yields the macroscale and mesoscale balances
∂tn0 + ∇ · (n0v0) = S0 −
〈∇ · (n˜v˜)〉 , (1)
∂tn˜ + ∇ ·
(
n˜[v0 + v˜]
)
+ ∇ · (n0v˜) = S˜ +
〈∇ · (n˜v˜)〉 , (2)
where S0 and S˜ are source terms due to inelastic collisions, including also the interaction of the
plasma with neutral particles. Eqs. (1) and (2) illustrate the mutual coupling principles. The
term 〈∇·(n˜v˜)〉 in the macroscale balance (1) represents the averaged divergence of the mesoscale
ﬂux n˜v˜, inﬂuencing the evolution of n0. It appears also in the mesoscale balance (2) to ﬁlter out
any macroscale evolution in the mesoscale dynamics and therefore ensures a clear scale separa-
tion. The scale separation assumption allows for considering n0 and v0 as constant parameters
on the typical scale of the mesoscale dynamics. Thus the macroscale evolution is assumed to
consist of a comparably slow transition of states which on the mesoscale can be approximated
by local dynamic equilibria. These equilibria correspond to (statistically) weakly stationary
states [11] or saturated states which are reached by the system after an equilibration time δteq.
A respective coupled code system consists of a procedure which iteratively solves eqs. (1) and
(2), determining the quantity 〈∇ · (n˜v˜)〉 with a new set of n0,v0 after the macroscale code has
simulated a time on the order of τD(α0). This equally applies to the multiscale equations for the
velocities v0 and v˜ and the temperatures T0 and T˜ , which can be obtained in an analogous way.
Now the transition from a multiscale model for a generic ﬂuid to one for a collisional,
magnetized plasma as present in the edge region of a tokamak is made. In the coupled code
system B2-ATTEMPT, B2 [2] accounts for the macroscale proﬁles of the plasma, while the local
version of ATTEMPT [3] (in the following ATTEMPT) describes the local mesoscale dynamics.
The coupling is currently restricted to the radial particle transport.
B2 assumes quasineutrality (electric charges are almost completely shielded by the plasma),
ambipolar ﬂows (absence of electric currents) and toroidal symmetry. It evolves the proﬁles of
the density n0, the ion velocity u‖0 parallel to the magnetic ﬁeld lines, and the ion and electron
temperatures, T0i and T0e, in a two-dimensional poloidal cut of the tokamak vessel (see ﬁg.
1). The term −〈∇ · (n˜v˜)〉 in eq. (1) is approximated by a diﬀusion-convection macroscale
transport model with diﬀusion coeﬃcient D and convective velocity vc, which are typically
chosen to reproduce the experimental proﬁles of interest. The B2 particle balance reads:
∂tn0 + ∇ · (n0v‖0) = S0 − ∇ · (vcn0 −D∂xn0)eˆx , (3)
where x denotes the radial direction and eˆx is the respective unit vector.
The ATTEMPT code employs an isothermal drift-ﬂuid model with cold ions (Te = cst., Ti =
0), derived with the drift ordering outlined in [12]. It includes the assumption that n˜  n0,
which allows to approximate n by n0. ATTEMPT evolves the mesoscale electron density n˜, the
parallel ion velocity u‖, the electric potential φ, and magnetic perturbations B˜⊥ perpendicular
to the equilibrium magnetic ﬁeld B0, represented by the vector potential A‖ (B˜⊥ =∇×A‖),
in a three-dimensional toroidal geometry for a quasineutral plasma. The cross-ﬁeld velocity v⊥
perpendicular toB0 is approximated by the E×B drift vE = B0×∇⊥φ/B20 and the diamagnetic
drift which for the electrons is given by v∗ = −T0eB0×∇⊥(n˜)/(en0B20). Advection in parallel
direction and the source term S˜ are neglected. The latter simpliﬁcation can be justiﬁed by
the fact that currently, ATTEMPT calculations are only carried out for the region of closed
magnetic ﬂux surfaces (which can be pictured as a set of nested tori whose surfaces have constant
pressure), where the neutral density is rather low. Most of the neutrals can be found in the
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scrape-oﬀ layer (SOL) where the plasma strongly interacts with the so-called limiter (compare
ﬁg. 1). The term 〈∇ · (n˜v˜)〉 is diﬃcult to compute due to the involved averaging procedure
in time and space; its evaluation would require a computationally expensive iterative solving
procedure. Hence it is replaced by the term γ(n˜) ∼ R{nˆ00}, with R{nˆ00} being the real part
of the Fourier coeﬃcient nˆ00, corresponding to the toroidally constant part of n. The particle
balance of ATTEMPT reads:
∂tn˜ + vE ·∇⊥(n˜+ n0) + n0∇ ·
(
v‖ + vE
)
+ ∇ · (n0v∗) = γ(n˜) . (4)
The parallel electron velocity v‖ is expressed by the parallel ion velocity u‖ and the vector po-
tential, using Maxwell’s equations: v‖ = u‖+∇2⊥A‖/(μ0en), μ0 being the vacuum permeability.
Eqs. (3) and (4) are the counterparts of the generic multiscale balances (1) and (2) for the
B2-ATTEMPT system. The details of the coupling procedure are outlined in the next section.
3 Structure of the coupling procedure
The iterative coupling of B2 and ATTEMPT is managed via a Python script which organizes
the code calls and the exchange of information. The procedure, which belongs to the class of
heterogeneous multiscale models [13], is sketched in ﬁg. 1.
ATTEMPT simulation
for each radial B2 zone
in the region of
closed flux surfaces
poloidal
direction line limiter
core
toroidal
direction
radial
direction
B2 simulation
average radial particle flux
from stat. stationary state,
determine profile of               
flux surfaces
scrape-off layer (SOL)
ce
nt
er
 o
f t
he
 to
ru
s
major radius
minor radius
Figure 1: Sketch of the B2 simulation domain and the coupling procedure of B2-ATTEMPT.
A tokamak conﬁguration with circular, concentric ﬂux surfaces is considered. Before the
coupled code simulation is started, the B2 simulation domain is divided into N cx radial zones
(widths δxav, centers xi) and into N
c
θ poloidal zones (widths δθav, centers θj). These zones
represent the grid for the diﬀusion coeﬃcient proﬁle D(xi, θj) used by B2. One global iteration
of the B2-ATTEMPT system consists of the following steps:
1.) Run B2 for a time Δtrun ∼ τD(α0). Determine the averages 〈n0〉i, 〈∂xn0〉i, 〈T0e〉i and the
minor radius 〈a0〉i for each radial zone of the B2 grid, i = 1, ..., N cx.
2.) For each radial B2 zone in the region of closed ﬂux surfaces, run a separate ATTEMPT
simulation with input parameters 〈n0〉i, 〈∂xn0〉i, 〈T0e〉i and 〈a0〉i for a suﬃciently long
time δtrun. Use the results to determine the diﬀusion coeﬃcient proﬁle D(xi, θj) =
−〈n˜v˜Ex〉ij/〈∂xn0〉i, with j = 1, ..., N cθ and v˜Ex being the radial part of the E×B velocity.
The operator 〈...〉ij refers to the average over a time δtav corresponding to the local
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dynamic equilibrium state, the complete radial and toroidal extent of the simulation
domain and a poloidal extent from θi − δθav/2 ≤ θ ≤ θi + δθav/2 from the data obtained
from the ATTEMPT simulation for radial zone i.
3.) Hand the proﬁle of D(xi, θj) to B2 and calculate the relaxed proﬁle with D
k
rx(xi, θj) =
0.3Dk(xi, θj)+0.7D
k−1
rx (xi, θj), k denoting the global iteration index. For all zones within
the SOL, the D proﬁle of the radial zone closest to the SOL is used. Continue at step 1.).
To understand when the coupled code system is computationally cheaper than a global
mesoscale simulation which evolves α on the mesoscale and macroscale assume that the local
and global mesoscale simulations are both equally costly per unit of simulated time. Suppose
that the computational cost of the macroscale code can be neglected compared to the costs of
the mesoscale code. Then the coupled code system is less resource-demanding if the speed-up
factor rt ≡ Δtrun/δtrun > 1; its eﬃciency increases the larger rt. The determination of δtrun is
elucidated in section 3.1. A benchmark of the coupled code system for a 1D time-dependent
test problem is analyzed in [9].
When interested in stationary macroscale solutions (∂α0/∂t = 0), as they are considered in
this paper, the runtime Δtrun should be chosen in such a way so that the ﬁnal proﬁles after each
B2 iteration are stationary. It is practical to deﬁne a termination condition to decide when the
coupled code simulation has converged. The condition employed here is:√√√√ 1
N cxN
c
θ
Ncx∑
i=1
Ncθ∑
j=1
(
Dk−1(xi, θj)−Dk(xi, θj)
Dk−1(xi, θj)
)2
< 0.01 , (5)
where k and k−1 are the global iteration indices. The determination of a more rigid convergence
criterion will require further work due to the inevitable introduction of statistical ﬂuctuations
in D(xi, θj), originating in the ﬁnite averaging intervals used for the mesoscale data. Note
also that the choice of a purely diﬀusive macroscale transport model for B2 does not imply
the assumption of the averaged mesoscale transport being actually diﬀusive. For stationary
cases the choice of the macroscale transport model should not inﬂuence the ﬁnal results of the
coupled code system (see [9], chapter 8). However, especially for time-dependent evolution, this
topic remains an important point for future research.
3.1 Determination of the average mesoscale terms
The determination of the averaged mesoscale term 〈n˜v˜Ex〉 and therefore the calculation of
the times δtrun, δtav and the start and end position of the averaging interval are crucial for
the coupled code system regarding the quality of the results as well as the computational
eﬃciency. For simpliﬁcation let w˜ denote the function of mesoscale quantities to be averaged
(here w˜ = n˜v˜Ex). For each individual ATTEMPT simulation the coupling procedure has to
ensure that
a) the averaging interval δtav is long enough so that a representative average 〈w˜〉 can be
determined, meaning that δtav 
 τD(w˜),
b) the part of the time trace used for averaging does not include the initial equilibration
phase of length δteq to obtain an unbiased average,
c) the overall simulated time δtrun of ATTEMPT is as short as possible to maximize the
speed-up factor rt while conditions a) and b) are fulﬁlled.
Issue c) is addressed by letting the mesoscale simulation run for a number of time steps which
correspond to a simulated time t  τD(w˜) and check for points a) and b) after each of these
Multiscale modeling approach for the tokamak plasma edge F. Hasenbeck et al.
1132
internal ATTEMPT iterations. If both conditions are fulﬁlled the average 〈w˜〉 is calculated
and the ATTEMPT run is ﬁnalized; if not, the ATTEMPT simulation is extended for another
internal iteration after which the check is repeated.
To check for point a), δtav is set to δtav = NavτD(w˜), where Nav should be at least around
20 for a statistically meaningful average. Hence an estimate of τD(w˜) is needed for the choice
of δtav. Here, τD(w˜) is approximated by the correlation time τc. The latter is deﬁned as the
e-folding time of the autocorrelation function ρ(t) of w˜; τc being estimated by the minimal lag
tl for which ρ(tl) = 1/e and ρ(t > tl) ≤ 0.5.
Point b) is checked for by considering the time trace w˜(t) from the time interval δtrun− δtav
to δtrun and investigating if values from this time interval exhibit a trend, i.e. a non-constant
average. If this is the case, it can be reasoned that the time series from the chosen interval does
not correspond to a statistically weakly stationary state, thus contains a signiﬁcant part of the
equilibration phase. Various nonparametric trend tests not relying on a distribution assumption
have been proposed in the literature, such as the Runs Test [14], the Mann-Kendall Test [15]
and the Reverse Arrangements Test (RAT) [16]. Here, it is relied on the RAT whose concept
is as follows: if the time series w˜ is trend-free, the quantity A,
A ≡
N−1∑
k=1
Ak , Ak =
N∑
l=k+1
ckl , ckl =
{
1 w˜k > w˜l ,
0 otherwise ,
(6)
is Gaussian. By calculating the distribution’s mean μ and variance σ, a z-score is given by:
z = (A− μ)/σ , μ = N(N − 1)/4 , σ =
√
(2N3 + 3N2 − 5N)/72 . (7)
For a trend-free series of values w˜k z follows a Gaussian distribution with μ = 0 and σ = 1.
One can therefore check for trends by comparing the probability p(z) against an arbitrary limit
probability plim which corresponds to the chosen conﬁdence interval. A value of plim = 0.95
relates, for instance, to a ±2σ conﬁdence interval.
The working hypothesis for the application of the RAT within the coupling procedure is
that the time trace w˜(t) from δtrun−δtav to δtrun stems from the statistically weakly stationary
state. Additionally, it is assumed that samples w˜(tk) and w˜(tk+1) can be considered as being
independent from each other if |tk+1 − tk| 
 τc. A time series of the form (w˜k, ..., w˜N ) with
w˜k = w˜
(
t0 + [k − 1]Δt
)
, k = 1, ..., N , t0 = δtrun − δtav , Δt = 3τc , (8)
is created to which the RAT is then applied. For improvement of statistics, t0 is varied with
t0 = δtrun− δtav+(j−1)Δt/Ns, j = 1, ..., Ns, and the procedure is then repeated with the new
time series. In total, Ns time series with N samples each are analyzed. The working hypothesis
is examined with the mean of all z-scores and the decision if a trend is present or not is made.
In ﬁg. 2, two examples are given for the procedure described above. The function contem-
plated here is w˜ = 〈n˜v˜Ex〉V , the average being carried out over the whole simulation domain of
ATTEMPT. In the left picture, the working hypothesis of the RAT is rejected for the time trace
with δtrun ≈ 15 · 10−5 s (red × in ﬁg. 2, left) with p(〈z〉) = 0.955 > plim = 0.95. After another
internal ATTEMPT iteration (δtrun ≈ 18 · 10−5 s, green + in ﬁg. 2, left) p(〈z〉) = 0.777, which
means that the working hypothesis is accepted. The procedure works also for considerably
longer evolution times of w˜ (ﬁg. 2, right, p(〈z〉) = 0.707).
4 Simulation results
Stationary proﬁles of the B2-ATTEMPT system are discussed for simulations of the plasma
edge of the tokamak TEXTOR [17] for a deuterium plasma. The cases presented here are
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Figure 2: Examples of the application of the RAT to w˜(t) = 〈n˜v˜Ex〉V (t) (solid black lines, dashed
blue line). The dashed gray lines mark the internal ATTEMPT iterations, each comprising 3 000 time
steps. The red crosses and blue squares mark the points of the time series (w˜1, ..., w˜N ) (N = 15).
oriented towards B2-EIRENE simulations described by D. Gray in [18], speciﬁcally cases 3 and
4 therein. While for case 3 only Ohmic heating of the plasma was used it was complemented
by heating via neutral beam injection for case 4. The transport coeﬃcients D and vc of the B2-
EIRENE simulations were chosen to reproduce the experimentally determined radial density
proﬁles at the outer midplane (θ = 0◦). They can therefore be interpreted as estimates for
the experimentally found level of transport and thus may serve for a ﬁrst evaluation of the
magnitude of radial particle transport predicted by the B2-ATTEMPT system.
Simulation parameters of B2-ATTEMPT are chosen as follows. The B2 simulation domain
extends from x = 40 cm to x = 50 cm with a line limiter present for x ≥ 45 cm at θ = 315◦
(see ﬁg. 1). The simulation domain is divided into N cθ = 12 poloidal and N
c
x = 8 radial zones
of which the inner 4 lie within the area of closed ﬂux surfaces, thus are provided with diﬀusion
coeﬃcients from ATTEMPT simulations. For the initial B2 iteration D = 1 m2 s−1.
Each ATTEMPT run uses a simulation domain of radial extent of 64 ion Larmor radii; its
toroidal extent is chosen so that it has to be mapped nine times side by side to cover the entire
toroidal domain. The number of time steps per internal ATTEMPT iteration is Nit = 3000.
For the RAT one has N = 15 and Ns = 10. Further simulation parameters are R0 = 1.75 m
for the major radius of the toroidal vessel, a magnetic ﬁeld of B0 = 2.25 T, a safety factor of
q0 = 3 and a shearing parameter sˆ = 2, the latter two parameters deﬁning the pitch angle of
the magnetic ﬁeld lines and its change with the radial position, respectively [3].
Boundary conditions for B2 are chosen in agreement with the B2-EIRENE results of [18].
At the inner radial simulation boundary, Dirichlet boundary conditions for n0, T0e and T0i are
employed, at the outer radial boundary e-folding decay lengths of 2 cm for these quantities are
prescribed. The parallel ion velocity u‖0 is set to zero at the inner radial boundary while at
the outer radial boundary, min0uxu‖0 = 0 with ux = Γ/n0 = (n0vc − D∂xn0)/n0 has to be
fulﬁlled. At the surfaces of the line limiter, sheath boundary conditions are prescribed, see [19],
p. 73-76. 65% of the particles hitting the limiter surfaces are reﬂected back into the plasma.
The transport coeﬃcients χ⊥ for the perpendicular heat ﬂux for ions and electrons in the energy
balances were chosen as for the B2-EIRENE simulations (χ⊥ = 0.84 m2 s−1 (3.6 m2 s−1) for
case 3 (4)). For the ATTEMPT simulations, periodic boundary conditions are used in poloidal
and toroidal direction, while in radial direction n˜ = u‖ = A‖ = φ = 0.
The results of the B2-ATTEMPT simulations are shown in ﬁgs. 3 and 4. The data stemming
from the B2-EIRENE simulations of [18] as well as the experimental data has been reconstructed
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from ﬁgs. 2 and 3 of [18]. The termination condition (5) is fulﬁlled by B2-ATTEMPT after 9
(7) global iterations for case 3 (4).
B2-EIR., case 3
B2-ATT., case 3
exp. data, case 3
B2-EIR., case 4
B2-ATT., case 4
exp. data,
case 4
Figure 3: Left: radial density proﬁles at θ = 0◦. Right: proﬁles of the scaled gradient L⊥∂xn0/n0
and the plasma beta βp from the ﬁnal iteration of the B2-ATTEMPT simulation for case 3.
The radial density proﬁles at the outer midplane are presented in ﬁg. 3, left, and show that
the values of n0 from both code systems and the experimental data are in the same range. The
density increase in the B2-EIRENE results in the region 42  x  45 cm as compared to the
B2-ATTEMPT proﬁles can be explained by the diﬀerent limiter conﬁguration employed. While
for the B2-ATTEMPT runs a simpliﬁed line limiter conﬁguration has been applied (compare
ﬁg. 1), the limiter in the B2-EIRENE simulations was situated at the same position, but with a
component facing the plasma in radial direction with a poloidal extent Δθ ≈ 20◦. This lead to
an increased reﬂection of particles towards the core. The T0e proﬁles of B2-ATTEMPT, which
are not shown here, predict a typically around 30% higher electron temperature in the region
of closed ﬂux surfaces than the B2-EIRENE results. This can be explained by the additional
energy sink in the latter due to the re-ionization of neutral particles, modeled by EIRENE.
The ﬁnal proﬁle of D(xi, θj) from the B2-ATTEMPT simulations for case 3 is exemplarily
shown in ﬁg. 4, left. Values of D are of the same order of magnitude as those typically used
in plasma edge studies and as determined in prior multiscale simulations [20]. The step-wise
structure in radial direction is due to the discretization of the B2 simulation domain used for the
local ATTEMPT simulations (compare the blue rings in ﬁg. 1). The eﬀect of ‘bad curvature’ of
the torus, which increases transport at its outer side, the low (B-)ﬁeld side, is clearly visible and
leads to an increase of D of up to 50 % as compared to the values at the torus’ inner side, the
high (B-)ﬁeld side. In radial direction, the D proﬁles reﬂect the inﬂuence of diﬀerent driving
parameters for the local drift-ﬂuid dynamics (see ﬁg. 3, right). One ﬁnds that in positive
x-direction, the normalized gradient L⊥∂xn0/n0 (with the background gradient length L⊥ = 5
cm being constant in all simulations) increases, augmenting the outward particle transport. T0e
diminishes in the same direction, which leads to a decreasing plasma beta βp, βp being the
ratio of the (kinetic) plasma pressure and the pressure exerted by the magnetic ﬁeld in radial
direction due to the Lorentz force. Thus a decreasing βp leads to better plasma conﬁnement.
Around x = 44 cm, this eﬀect seems to outbalance the drive due to increasing L⊥∂xn0/n0.
The radial particle transport for θ = 0◦ is illustrated and compared with the results from
[18] in ﬁg. 4, middle and right. In the B2-EIRENE runs, D= 0.69 m2 s−1 (D= 0.9 m2 s−1)
and vc = −6.9 m s−1 (vc = 0 m s−1) for case 3 (4) delivered the best match regarding the
experimentally determined radial density proﬁles. For comparison with the D proﬁle of the
B2-ATTEMPT predictions for case 3, the ratio −Γ/∂xn0 is calculated from the B2-EIRENE
Multiscale modeling approach for the tokamak plasma edge F. Hasenbeck et al.
1135
case 3
270◦
180◦
90◦
0◦ 40
41
42
43
44
45
0.1
0.2
0.3
0.4
0.5
0.6
D
[m
2
s−
1
]
θ
x [cm]
D
[m
2
s−
1
]
case 3
B2-EIR.
neoclassical estimate
B2-ATT.
limiter position
case 4
B2-EIR.
neoclassical estimate
B2-ATT.
limiter position
Figure 4: Left: ﬁnal proﬁle of D(xi, θj) of B2-ATTEMPT for case 3. Middle and right: proﬁles of
D and −Γ/∂xn0 at θ = 0◦. The gray dashed lines mark the limiter position.
results, where Γ = vcn0 − D∂xn0 includes both the diﬀusive and convective part of the ﬂux.
For both cases, values of D from the B2-ATTEMPT simulations are of the same magnitude
as D and −Γ/∂xn0 from the B2-EIRENE simulations. For an estimate of a maximum D from
neoclassical theory [1] one has Dneo ≈ q20ρ2s/τi ≈ 0.0225 m2 s−1, where the ion Larmor radius
is estimated by ρs ≈ 0.5 mm and the ion collision time by τi ≈ 0.1 ms. Thus, the maximum
estimate of D from neoclassical theory is one order of magnitude smaller than the values of D
from the B2-ATTEMPT simulations.
The stationary B2-ATTEMPT results can be used to estimate the potential savings in com-
putational resources if a time-dependent problem is addressed, as compared to respective global
drift-ﬂuid simulation. The average number of internal ATTEMPT iterations per ATTEMPT
run for case 3 (4) was 6.88 (4.89), which relates to an average simulated time of ATTEMPT
of δtrun ≈ 0.289 ms (≈ 0.194 ms). Estimating Δtrun ≈ τD(α0) by a diﬀusive approach with
τD(α0) ∼ Δx2/D where Δx = 5 cm is the characteristic radial length and D = 0.5 m2 s−1, one
ﬁnds Δtrun ∼ 5 ms. This results in a potential speed-up factor rt ∼ 20. For larger tokamaks
such as JET or ITER with Δx ∼ 10 cm while D stays approximately constant this means even
a larger potential speed-up on the order of rt ∼ 100.
5 Summary and Outlook
In this paper, a multiscale model and its realization within a coupled code system to improve
the description of radial particle transport in large-scale edge codes have been presented. With
the hypothesis of a scale separation regarding the drift-ﬂuid dynamics and the proﬁle evolution
on the tokamak scale, a set of coupled mesoscale and macroscale balances is obtained. It is
realized within the coupled code system B2-ATTEMPT whose coupling procedure accounts for
an eﬃcient determination of averaged mesoscale terms, using the Reverse Arrangements Test
for trend. Comparison of B2-ATTEMPT results show that the system provides the same level of
radial particle transport which was observed in prior B2-EIRENE simulations with transport
coeﬃcients adjusted to match experimental measurements. The self-consistently determined
diﬀusion coeﬃcients are on the order of D ≈ 0.5 m2 s−1.
Various topics and challenges related to the results presented here remain open. This in-
cludes the assessment if the multiscale model can be extended to the scrape-oﬀ layer (SOL)
where the character of the mesoscale dynamics changes, i.e. if the assumption of a scale sepa-
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ration can be regarded as valid for this region. If this is not possible, as suggested in [21, 22],
alternative solutions to improve the radial particle transport description in this region in large-
scale edge codes have to be found. On a more basic level, the question in how far the coupled
code system always converges and if the solution then is unique is yet to be answered.
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